rable course leading to death from circulatory collapse has been based both on certain striking experimental or lethal dysrhythmia. Skeletal myopathies also are chardata, and on the potential for manipulation of calcineurin acterized by tissue remodeling and morphological absignaling as a therapeutic measure for common and normalities, but these take different forms than those devastating forms of human disease. The controversy exhibited by the heart, in large measure because of a has arisen from apparently discrepant results of expericapacity for myocyte regeneration that is lacking in the ments designed to test the importance of calcineurin in heart. transduction of different signals that evoke remodeling While the causes and consequences of myocyte hyresponses in striated muscles. Here we provide a brief pertrophy are well known, the underlying signaling pathsummary of major experimental results to date, and offer ways and transcriptional mediators of this response are some suggestions as to how results that appear discorless clear. It is also unknown whether the same intraceldant may be reconciled. lular pathways control hypertrophy of cardiac and skelePhysiologic and Pathologic Signals tal myocytes and whether physiologically beneficial hyfor Muscle Remodeling pertrophy, as occurs in athletes, is dependent on the Cardiac and skeletal muscles of humans and other versame mechanisms as pathologic hypertrophy that fretebrates respond to changes in physiological demands quently progresses to heart failure and sudden death. 
-dependent signaling pathcan take several forms: changes in overall mass of the ways represents a proximal step in the myocyte hypertrophic response, but whether different hypertrophic tissue (hypertrophy versus atrophy); changes in spatial stimuli selectively activate distinct pathways leading to relationships among myocytes and other cellular and a final common response is unclear. extracellular components of muscle tissues; and reproCalcineurin and Cardiac Hypertrophy gramming of gene expression to alter specialized metaCalcineurin, a heterodimeric protein phosphatase combolic and contractile properties of myocytes. Under posed of a catalytic (A) subunit and a regulatory (B) physiological conditions, muscle remodeling serves to subunit, resides in the cytoplasm where it is specifically maintain a balance between environmental demands for activated by sustained, low-amplitude Ca 2ϩ waves (Dolcontractile work and the capability of muscle tissues to metsch et al., 1997). The Ca 2ϩ sensitivity of calcineurin meet those demands. The heart, for example, increases signaling may uncouple its activation from the flood dramatically in size during normal postnatal developof intracellular Ca 2ϩ accompanying each contraction/ ment, or as an adaptation to endurance exercise trainrelaxation cycle in a myocyte. ing, thereby meeting increased requirements for cardiac In activated T cells, calcineurin dephosphorylates members of the nuclear factor of activated T cells (NFAT) family of transcription factors, resulting in their translo- ‡ To whom correspondence should be addressed (e-mail: eolson@ hamon.swmed.edu).
cation to the nucleus where they interact combinatorially have been shown to stimulate cardiac hypertrophy, raising the possibility that hypertrophy may represent simply a generic response to any sort of growth or stress stimulus to the heart (reviewed in Chien, 2000). An activated form of NFATc4 lacking sites for calcineurin dephosphorylation is also capable of inducing cardiomyocyte hypertrophy, mimicking activated calcineurin, but again this does not prove that NFATc4 is the key transcriptional target through which hypertrophic signals are normally channeled in vivo. It should also be emphasized that the above studies, like most studies in the field, have involved overexpression of constitutively active signaling molecules under control of the strong ␣-myosin heavy chain promoter, which is likely to exceed the strength of a physiological stimulus, resulting in possible loss of specificity.
Additional function experiments performed so far is clouded by What is the evidence that calcineurin is involved in potential artifacts resulting from overexpression and cardiomyocyte hypertrophy? There is no disagreement loss of substrate specificity of constitutively activated that activated calcineurin can induce hypertrophic growth signaling molecules such as calcineurin. The powerful of cardiomyocytes in vitro and that expression of a conapproach of gene disruption for loss-of-function is diffistitutively active form of calcineurin in hearts of transcult to apply to this problem because of functional regenic mice produces progressive myocardial hypertrodundancy between different isoforms of calcineurin and phy followed by dilation, heart failure, and death in a NFAT proteins encoded by distinct genes, and because sequence that resembles the natural history of hypertenof the phenotypic consequences of null mutations in sive or valvular heart disease in humans (Molkentin et these genes in nonmuscle tissues. Nevertheless, carefully designed genetic manipulations using conditional gainal., 1998 
2000). interdict the calcineurin signaling pathway as a means
Whether this involves the same signaling components to prevent heart failure in humans will require that the as the hypertrophic response remains to be determined. consequences of calcineurin activation in the heart be Skeletal muscle fibers can be generally classified as understood much more fully, and that some method be fast or slow twitch, based on their contractile and metadevised for drug targeting selectively to the heart while bolic properties and associated patterns of gene exavoiding immunosuppression and neurotoxicity. pression (Hughes, 1998). Slow twitch oxidative fibers A rapidly increasing body of recent data show how (type I), are involved in sustained, tonic contractile calcineurin-dependent signaling events amplify, and are events and maintain intracellular Ca 2ϩ concentrations at amplified by, the activity of parallel signaling pathways relatively high levels (100-300 nM). In contrast, fast in cardiac and skeletal muscles. ing responses of skeletal muscle that involve fast-topathway might control skeletal muscle hypertrophy or slow myofiber transformation or hypertrophy also can formation of fast versus slow fibers, which is also known be, under certain conditions, mutually exclusive, preto be dependent on Ca 2ϩ signaling. Indeed, several resenting an apparent paradox in understanding how calcent studies have revealed a central role for calcineurin in both of these responses. Insulin-like growth factors cineurin can play a primary role in both processes.
